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Study of polyamorphic transformations in the cryomatrix
of nitrogen in cryovacuum condensates of water

One of the important tasks of modern physics of condensed matter is to establish an unambiguous connection
between the conditions of formation and the properties of the resulting solid phase. Its solution will contribute
to major breakthroughs in the creation of materials with desired properties. As any scientific and technologi-
cal problem, this approach is associated with the need to address a wide range of fundamental issues. The ba-
sis for success in this direction is the implementation of a complex not only with model tests, when the inves-
tigated substance is important from a practical point of view, but in itself has interesting physical properties;
such objects can be fully attributed to chemical properties. Hydrogen-bonded substances, in which, in addi-
tion to van der Waals forces, interactions due to the presence of an intermolecular hydrogen bond play an im-
portant role. The obtained method of cryomatrix isolation facilitates assuming that in the process
of cryocondensation of pure components of water and ethanol at an intermediate stage in the adsorbed layer,
there is a process of formation of clusters with a short-range order similar to the liquid state of water or etha-
nol.
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Introduction

The structure of water crystals is often determined by the presence of hydrogen bonds. This is due to the
fact that the water molecule is a symmetric proton donor and acceptor. This distinguishes the water molecule
from isoelectronic homologues such as NH; and HF. The NH; molecule has three protons and one pair, and
the HF molecule has one proton and three single pairs. Thus, only in the system of H,O molecules, hydrogen
bonds (H-bonds) completely determine the geometry of H,O crystals and the properties of condensed water.
This is determined by the strong orientation of the H-bond, which means that if a hydrogen atom is between
two oxygen atoms, then the spatial organization of such a system cannot be arbitrary. The formation of one
hydrogen bond leads to a decrease in the activation barrier for the formation of the next H-bond, and so on.
Since this cooperative property of hydrogen bonds is due to the interaction of two with hydrogen, one mole-
cule is acidic and the other is alkaline. In this regard, it seems necessary to pay more attention to the structure
of the water molecule [1, 2].

The structure of the water molecule. H,O molecule consists of two hydrogen atoms and one oxy-
gen atom. When studying the optical spectra of water, it was found that in the absence of motion (without
oscillations and rotations), hydrogen and oxygen ions should be located on the vertices of a right triangle
with an angle of 104.5°. The nuclei of a water molecule are surrounded by an electron cloud with a radius of
0.138 nm, consisting of positive electrons that are unevenly distributed within the sphere. Two of them are in
the first orbit, in the immediate vicinity of the oxygen nucleus and do not play a significant role in the for-
mation of the bond between oxygen and hydrogen, the remaining eight electrons are paired in four eccentric
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orbits in the tetrahedral direction from the oxygen nucleus. The charge of the eight electrons completely
compensates for the charge of the oxygen nucleus, but the electrons rotating in two orbitals without protons
form two negative centers, that is, the single electrons form two arms from the oxygen nucleus to the vertices
of the imaginary tetrahedron, the H,O molecule. The interval between H™ and O° ions in the unexcited state

is0.96 A . Due to this structure, the water molecule is a dipole, because the density of electrons in the region
of O* — ions is much higher than in the region of H" ions. One can imagine two small bulging water mole-
cules in the region of the protons, as illustrated in Figure 1.

Nonbonding
electron pairs

Bonding electron
b) pairs

Figure 1. Geometric diagram of the monomer H,O (a), plane model (b)

Dynamics of water molecules. As in a rigid structure, the nuclei of molecules in a crystal lattice are in
a state of continuous oscillation at 0 K. An important feature of these oscillations is that they can be charac-
terized by a limited number of fundamental oscillations, called normal modes. This is an oscillation in which
all the nuclei oscillate at the same frequency and in the same phase. The water molecule has three normal
modes Vv, V,, V3. Any possible vibration of this molecule can be described as a superposition of these three
modes.

The oscillations that move the H-nuclei in the direction of the OH bond are called the OH bond oscilla-
tions as shown in Figure 2. These oscillations occur at frequencies v; and v;. The oscillations in which the
H nuclei move in a direction almost perpendicular to the O-H bonds (v, mode), are called the defor-
mation vibrations of the H-O—H bonds or the bending oscillations of the H-O—H bonds. In fact, in the v;
mode, the H-O—H bond has a small amount of bending, while in the v, mode, a small amount of O—H elon-
gation corresponds. v; is called asymmetric tensile vibration or asymmetric tensile vibration or asymmetric
tensile vibration, and is different from v; symmetric tensile vibration. These frequencies are derived from
Raman and infrared spectra [3].

The transition of the water molecule from the basic state of oscillation, described by the mode v, to the
excitation corresponds to the infrared absorption band 1595 cm™. During this transition v, describing the
mode v, quantum number varies from 0 to 1, and v, and v; describe the modes, v, and v; are zero quantum
numbers. Similarly, the transition of a water molecule from the basic state of oscillation to the state in which
only the first normal mode is moving (the state in which the quantum numbers v, =1, v, =0, and v;=0) corre-
sponds to an absorption band of 3657 cm™. The third normal mode corresponds to an absorption band with a
maximum frequency of 3756 cm™. The given parameters correspond to an empty water molecule. During the
transition to the condensed state, there are changes in the parameters of intermolecular interactions, as well
as a significant expansion of the absorption bands of fundamental frequencies as a result of the formation of
hydrogen bonds and their transition to lower vibration frequencies. This leads, in particular, to the superposi-
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tion of the elongated vibration ranges, so that in the condensed states these frequencies are not separated, but
are appeared as a single absorption band [4-5].
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Figure 2. Normal oscillation modes of water molecules

Experimental

When studying the structural and phase transformations in the cryovacuum-condensate in the techno-
logical process, it is important to have information about the growth rate, refractive index and reflective
characteristics of the cryocondensate-substrate system with a wide frequency range from 4200 to 400 cm™.
To carry out this type of research, the existing experimental equipment was used in the Laboratory of
Cryophysics and Cryotechnology of the Faculty of Physics and Technology. In addition, the need for low-
temperature measurements and the study of cryocondensation films in the thickness range of 25-30 pm has
led to an increase in requirements for both the functional capabilities of a number of important units and its
technological parameters. These requirements relate to the maximum vacuum in the operating chamber of
the unit, as well as the need to measure in the average IR range (400 cm™) [6-7].

1 — vacuum chamber; 2 — vacuum pump Turbo-V 301; 3 — slide vacuum cover CFF—100;
4 — pressure sensor FRG-700; 5 — Gifford-McMahon refrigerator; 6 — substrate; 7 — laser interferometer;
8 — Optical channel of IR spectrometer; 9 — IR spectrometer; 10 — Leakage system

Figure 3. Schematic of the experimental unit
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Figure 3 shows the schematic diagram of a universal vacuum cryogenic spectrophotometer in which a
water cryocondensate is obtained in a vacuum chamber. The main installation unit is a cylindrical vacuum
chamber with a diameter and height of 450 mm (1). The evacuation of the vacuum chamber was carried out
by a turbo-molecular pump (2) Turbo-V 301 connected to the chamber of the CFF-100 sliding gate valve (3).
The SH-110 dry circulation pump (not shown) is used as a forevacuum pump). The final vacuum in the
chamber reached a value of not less than P=10-" Topp (P=10-° Pa). The pressure in the chamber
was measured with a wide-range pressure sensor with FRG-700 controller.

In the center of the chamber is the Gifford-McMahon microcryogenic system (5), on the upper flange of
which is mounted a mirror substrate (6), which serves as a surface for ethanol condensation. The substrate is
made of copper, its working surface is covered with silver. The diameter of the substrate is d=60 mm. The
minimum condensation temperature is T=16K. The temperature was measured with a DT 670-1.4 silicon
sensor and a M335/20s temperature controller. Thickness and condensation rate are measured with a two-
beam laser interferometer based on P25a-SS-0-100 — photomultiplier tubes (7). The absorption spectra
were measured in the frequency range 400 cm™'+4200 cm™. Through ADC, the signals of the photomultiplier
are sent to the computer and controlled by the PowerGraph program [8].

L 4

1 — vacuum chamber housing; 2 — the base of the vacuum chamber; 3 — McMahon micro-refrigerator;
4 — optical windows; 5 — light guides; 6 — protective plates KBr; 7 — substrate; 8§ — cryopump;
9 — damper; 10 — magnetic drive; 11 — optical window KBr;

Figure 4. Schematic of the vacuum chamber of the spectrophotometer

Figure 4 designates the cross-section of the vacuum chamber of the spectrophotometer. The base of the
chamber is a massive plate (2) with a diameter of 450 mm and a thickness of 35 mm. It is equipped with a
chamber housing (1) with welded connecting pipes. The camera body is covered by a lid, the presence of
which allows to adjust and install the camera. The microcryogenic machine (3) is located at the bottom of the
chamber. At the top and body of the cover, there are windows (4) for the introduction of laser interferometer
radiation, for measuring the growth rate and controlling the thickness of the sample, as well as for the intro-
duction of globe radiation in the IR range. All vacuum seals of metal prefabricated parts are sealed with cop-
per seals, and salt optics are sealed with Indian seals.

Particularly in Figure 4, by using a magnetic drive (10), it is possible to install and remove a KBr (6)
plate on the substrate, the purpose of which is to overlap the work surface (7) with uncontrolled pre-
condensation processes and protect it from secondary processes during heating. The distance between the
back and the protective panel is 5 mm. Furthermore, additional copper plates (8) are placed on the low-
temperature flange of the micro-refrigerator, which acts as a cryocondensation pump. The protective housing
(12) has holes that can be overlapped with the magnetic drive (10) of the cylindrical valve (9) for suction of
the cryopump. This increases the basic vacuum level in the chamber. In addition, combining the substrate
with a protective film, its overlap with a protective plate creates a closed volume near the substrate, the pres-
sure of which is much lower than the external pressure in the vacuum chamber [9].

The matrix gas treatment system includes additional units of the injection system, the scheme of which
is illustrated in Figure 5 [10].
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Figure 5. Schematic of the cryodensor vapor extraction system

The temperature of the substrate is measured in thermocouples (Au+0.07 % Fe) — Cu, with an accura-
cy of at least 0.5 degrees in the lower temperature range; IR spectrometer frequency range 400 cm™+4200
cm” (ICS-29); film thickness — 30 microns (two-beam laser interferometer) [11—13].

As an example, interferons obtained during growth in the substrate at a temperature of ethanol conden-
sate in the substance T = 16 K and a gas phase pressure P=8x10—* Pa (Figure 6).
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Figure 6. Typical interferograms of condensate film growth

Data registration was performed automatically every 0.5 seconds. The main sources of measurement er-
ror are the error in determining the time (interference period) and the angle of incidence. During the align-
ment of the installation, the angle of incidence of the interferometer was set with an error not exceeding
0.5 %. The error in determining the growth time of the film does not exceed 4.5 % [14—15].
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Figure 7. Reflection spectra of water in a nitrogen matrix
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In the Fig. 7 the spectra of reflections of the samples in the temperature range of the matrix 16-24 K are
given. These are presented in the frequency range of deformation oscillations of water (left drawing), hydro-
gen-bound states (central drawing) and quasi-free valence symmetric and asymmetric oscillations (right
drawing). Similar data are provided in Fig. 8 for the temperature range 2632 K.

As can be seen from the presented data, the reflection spectra have features specific to matrix-isolated
states of water. In the frequency range of deformation curves (left pattern) there are two strips of absorption
with a maximum of v = 1584 cm — 1 and v = 1604 cm — 1. The first band refers to the deformation oscilla-
tions of H,O monomers in solid nitrogen. The band with a maximum of v = 1604 cm — 1 can be related to
the amount of water polymers in the matrix. In this case, of course, with the increase in temperature of the
substrate, the monotonous decrease in the amplitude of the oscillations of the monomers is accompanied by
the growth rate of absorption of the polymer.
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Figure 8. Reflection spectra of water in a nitrogen matrix
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The matrix temperature range (Figure 8) is from 26 K to 32 K in the frequency ranges of bending vibra-
tions (left figure), hydrogen-bonded states (central figure), and quasi-free stretching symmetric and asym-
metric vibrations (right figure).
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The central fragments of Fig. 7 and 8 represent the frequency range of hydrogen-bonded O—H bonds.
The spectra given in this range and their agreement with these allow to make assumptions about the availa-
bility of polyaggregates of different scales. Thus, the minimum at a frequency of 3234 cm — 1 corresponds
to the square meters, the absorption at a frequency of 3330 cm — 1 corresponds to the polymer, and the peak
at a frequency of 3526 cm — 1 can relate to the dimers [16]. We do not plan to analyze in detail the cluster
composition of the model in this work. It is important to note that the increase in the temperature of the ma-
trix at low temperatures leads to the transformation of spectra in this frequency range.
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Figure 9. Reflection spectra of an isotopic mixture of water (3 %)
in a nitrogen cryomatrix at different substrate temperatures

Figure 9 demonstrates data in the frequency range of bending and stretching vibrations of the O-H and
O-D bonds. As can be seen from the figure, the vibrational spectra contain features characteristic of matrix-
isolated systems, in which aggregates of water and heavy water of various sizes are present. A gradual in-
crease in the temperature of the sample leads to a transformation of the spectrum, but the degree of these
transformations is different for different types of vibrations of molecules of the isotopic mixture of water.

Conclusions

In accordance with our data, it can be argued that the temperature of the transition from glassy amor-
phous ice to the state of a superviscous liquid is Tg = 137 K &+ 2 degrees. A further increase in temperature
leads to a stepwise transformation in the layer. This may be associated with competing crystallization pro-
cesses through the growth of cubic and hexagonal nuclei, as well as direct crystallization
of liquid superviscous water formed at Tg and existing together with the crystalline phase up to temperatures
of about 200 K.

Our studies revealed the anomalous behavior of the samples at temperatures preceding sublimation.
This is the abrupt behavior of the heating curve, which is accompanied by an extremum pressure in the
chamber. In our opinion, these experimental data confirm the point of view expressed in the works [17]. The
point is that a multicomponent system consisting of amorphous and crystalline components at a fixed tem-
perature should have different equilibrium pressures of the gas phase corresponding to the partial activation
energies of sublimation. Because if the activation energy of the amorphous form of ice is greater than the
corresponding values for crystalline modifications, this will lead to the fact that at high temperatures amor-
phous water will evaporate at an earlier stage, and then recondense on crystalline components into a crystal-
line form.
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A.Y. Anmuspos, X.U. beiicenos, ¥.I1. Cyiiinxanosa, [I.E. Epexen

HonauamopdTel 63repicrepai cyablH KPUOBAKYMIbl KOHIEHCATTAPbIHAAFbI
HHUTPOTreH/li KpUOMATPUIIAJIAPBIH 3ePTTEy

Konnencarnusinanras 3aTTHIH Ka3ipri 3aMaHFbl (PU3UKACHIHBIH MAaHBI3IbI MiHJETTEpiHIH 0ipi — TY3UIy mapTra-
pBI MEH HOTIDKECIHJE Maiija OoyFaH KaTThl (a3aHbIH KacHeTTepi apacklHma OipMoHAI OaifaHBIC OpHATY.
OHBIH mIemiMi KaXeTTi KacueTTepi 0ap MaTrepHaIgapsl xKacaylarsl YIKEeH XKeTicTikTepre bIKman ereni. Kes
KENreH FBUIBIMU-TEXHHUKAJbIK MOCeJeNiep CHAKTBL, OyJl Tocll Je KeH ayKbIMIbl CYpakTapibl LIelry
KKETTUTiriMeH OaiinmanpicThl. Bys1 GarbITTarbl TAaOBICTBIH HETi3i KEUIGHIi TEK MOJENBAIK ChIHAKTAPMEH
JKy3ere acbIpy OoJbIn TaObLIaAbl, erep 3ePTTENETiH 3aT MPAKTHKAIBIK TYPFBIIaH MaHbI3AbI Oouica, Oipak e3i
KBI3BIKTBl (DM3MKAJbIK Kacuerrepre ue Oosca; MyHIail OOBEKTIIEpAI XUMHUSIBIK KacHETTepre TOJBIK
xKaTkpl3yra Oomanel. Cyreri OaiimaHbICKaH —3arTap, onapAa BaH-Iep-Baanbsc  kymrepinen Oacka,
MOJIEKyJIaapaJIbIK CyTeri OailIaHBICHIHEIH 00JIybIHa GalIaHBICTHI ©3apa SPEKETTECY MaHBI3bI POJI aTKapasbl.
ANbIHFaH KPHOMATPHKCTI OKIIAayJay omici amcopOrusiiaHFaH KabOaTTarbl apaiblK CaTBIIAaFbl Cy MEH
STAaHOJIBIH Ta3a KOMIIOHEHTTEPIH KPUOKOHACHCAMsUIAY TIPOIIECiH/e CYHBIK KYITre yKcac KbICKA THana30H bl
KJIacTepJiep Ty3ily mporeci xypeni qereH 6omkam xKacauapl.

Kinm co30ep: xpucranuany, Kocnauap, 9HHEKTiH aybICy JMHAMUKAChI, KPHCTAJUI KAaCyLIAChl, KDHOKOHICHCALIUS.
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A.Y. Anmuspos, X.U. beiicenos, ¥Y.I1. Cyiiimxanosa, [I.E. Epexen

HccaenoBanue nmoauaMop@HbIX NpeBpaLlIcHUN B KpUOMaTpHIle
a30Ta B KPHOBAKYYMHBIX KOHICHCATAX BO/bI

OpHa 13 BaKHBIX 33]a4 COBPEMEHHOH (DM3MKH KOHIEHCUPOBAHHOTO COCTOSTHUSI — YCTAHOBUTH OJHO3HAUHYIO
CBsI3b MKy YCJIOBHSIMH OOpa30BaHUs M CBOWCTBaMH oOpasyromieiicsi TBepaoii ¢asbl. Ero perienne Oymer
CMocoOCTBOBATh KPYIMHOMY NPOPBIBY B CO3[aHHU MaTepUasoB ¢ 3afaHHBIMH cBoiicTBamu. Kak u mobast Ha-
YYHO-TEXHUYECKask Npo0OiIeMa, TaKoH MOAXO0/ CBS3aH ¢ HEOOXOAMMOCTBIO PELICHUS IMPOKOro Kpyra (yHuaa-
MEHTaNbHBIX Mpo6sieM. OCHOBOH ycmexa B 3TOM HaNpaBIEHHUH SIBIISIETCS BBINOJHEHNE KOMIIEKCA HE TOJIBKO
MOJICJIbHBIX UCIIBITAaHUM, KOIJa UCCIECIYyEeMOEe BELUIECTBO BaKHO C IIPAKTUYECKON TOYKU 3PEHHs, HO caMo IO
cebe MMeeT HHTepecHble (u3uIecKre cBoicTBa. K TakuM 00beKTaM B IOJIHOH Mepe MOXKHO OTHECTH XHUMU-
yecKHe CBOUCTBA. BeecTBa ¢ BOLOpOIHBIMU CBA3AMH, B KOTOPBIX, IOMUMO cuil Ban-nep-Baanbca, BaxHyto
pOJIb UTPAIOT B3aMMOAEHCTBHS, 00YCIOBICHHBIE HAIMYHEM MEXMOJIEKYISIpHOH BomopoxHoi cBsi3u. Ilory-
YCHHBI METOJ KPHOMETPUYECKOr0 BBLACICHUS ACIAeT MPEIONIOKEHUE, YTO B IIPOLECCE KPHOKOHCHCALUU
YHCTBIX KOMIIOHEHTOB BOJIBI M 3TAHOJA HAa MPOMEXYTOYHON CTaAUH B MpoLecce aJCcopOLUN MPOUCXOIUT 00-
pa3oBaHHe KJIACTEPOB, COCYIECTBYIONINX APYT C APYTOM.

Kniouesvie cnosa: KpucTtajummsanus, CMeCH, AMHAMHUKa CTEKJIOBAHHUA, KPUCTAIIINYCCKASA quﬁKa, npounecc
KPHUOKOHACHCAIINH.
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